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Abstract. The reactions between A8!S) and @, O, N2, CO, and HO were studied using
the pulsed laser ablation at 532 nm of an aluminium meetgeét in a fast flow tube, with
mass spectrometric detection of Aind AIO". The rate coefficient for the reaction of Al
with Os is k(293 K) = (1.4 + 0.1) x T0cn? molecule! s?; the reaction proceeds at the ion-
dipole enhanced Langevin capture frequency with a predictétidEpendence. For the
recombination reactions, electronic structure theory tetioms were combined with Rice-
Ramsperger-Kassel-Markus theory to extrapolate the mebasateecoefficients to the
temperature and pressure conditions of planetary ionaesgphEhe following low-pressure
limiting rate coefficients were obtained for T = 12@00 K and He bath gas (in €m
molecul€? st, uncertaintyto at 180 K): logo(k, Al* + N2) = -27.9739 + 0.05036la¢T) -
0.60987(logo(T))?, o =12%; logo(k, Al* + CQy) =-33.6387 + 7.0522lag(T) -
2.1467(logo(T))2, o=13%; logo(k, AlI* + H,0) = -24.7835 + 0.018833legT) -
0.6436(logo(T))?, o=27%. The Al + O, reaction was not observed, consistent with a
DO(AI*-Oz) bond strength of only 12 kJ mbiTwo reactions of AlO were also studied:
K(AIO* + O, 293 K) = (1.3t 0.6 x 10° cm® molecule! s?, with (68 + 9)% forming Al as
opposed to OAIQ and k(AIO" + H0, 293 K) = (9 * 4) x 1 cn?® molecule! s*.The
chemistry of Af in the ionospheres of Earth and Marshen discussed.
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1. Introduction

Layers of metal atoms are produced in the terrestriabspere and lower thermosphere
(MLT) region (70 - 120 km) by the ablation of ~40} off cosmic dust particles entering the
atmospheré.The Na and Fe layers have, in particular, been studtedsvely by ground-
based lidar and am very useful probe of the chemistry and dynamics ofréigjon? The
relative elemental abundance of Al to Fe in CI chdedria class of carbonaceous
chondrited thought to be most representative of cosmic,dsi€.096! However, Al is
present in meteoroids as a stable oxide and is moretafyahan Fe. Combining a chemical
ablation model with an astronomical model of the cesist sources reaching the Earth
indicates that Al ablates about 3 times less efficgethhn Fe i.e. the Al/Fe ablation ratio is
0.032!

Al* and Fé ions have been observed in the MLT by rocket-bornes ispactrometry.
Inspection of data from seven of these flights (EpgKdJniversity of Bern, pers. comm.)
shows that the AlFe" ratio is 0.022+ 0.005 between 90 and 100 km, which is therefore
close to the ablation ratio. For comparison, in thetldn atmosphere thd*/Fe" ratio
measured by the Neutral Gas lon Mass Spectrometer onARE&NI satellite is 0.041
0.006° Note that this measurement was made at a height of 18%ene some mass
separation in favour of the lighter ion may have éased the ratio.

Al" is produced directly by impact ionization as the ablating Al atorake hypertherrha

collisions with air molecule§Other meteoric metals such as Na, Fe and Mg undergo charge

transfer with the major ambient ions in the lower t@sphere, NOand Q.2 However,
unlike these metals, Al atoms react very rapidly witit@form AIO8 The ionization energy
of AlIO has been measured to$8.75 eV in a guided-ion beam apparatirsagreement
with a recent value of 9.70 eV computed using highly correldieditio theory'® The
ionization energies of NO and.@re 9.26 and 12.03V, respectively! thus, AlO will not
charge transfer with NCbut can do so with © to form AlIO". AIO* is probably reduced
back to Al by reaction with atomic O or CO, as in the case of MO

Al* is likely to be neutralized by forming molecular ions Juding cluster ions, which can
then undergo dissociative recombination with electfdPobable reactions in the MLT
include:

Al* + O3 — AIO" + O AH° = -17 kJ mot (R1)
Al* + No+ M — ALN* + M AH° = -19 kJ mott (R2)
Al* + O+ M — ALO;* + M AH° = -12 kJ mott R3)
Al* + CO+ M — ALCOz* + M AH® = -45 kJ mot (R4)
Al* + HO + M — ALH,O* + M AH°=-111 kJ mot (R5)

where M is a third body (e.g..Mr G in the terrestrial atmosphere, and Q@the Martian
atmosphere). The reaction enthalpies (at 0 K) listedelvere calculated using the
Complete Basis Se€CBS-QB3) method? as discussed in Section 4. The reactions bf Al
with Os and HO do not appear to have been studied previously. In the chls¢*bO,,*® and
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CO,,'® no reaction at thermal energies relevant to the MLT wgsrted. It is unsurprising
that RZN>), RYO) and R4(CQ) are very slow given the low binding energies of these
ligands to Al.

Reaction R{Os) is interesting because the AlProduct should be produced in the low-lying
excited &I state rather than the'X ground state, if the overall singlet spin multipliaitfy

the reactants is conserved in the produats, Os and Q have 'S, *A: andZ4 ground states,
respectively). Note that the enthalpy change given abdee goduction of AIG(&°IT). Two
recent high level theoretical studies using multirefezesunfiguration interaction have
reported that AI(&’I) is only 3.5 kJ mot 27 or 6— 8 kJ mot 1° above the AIO(X'Y) state,
and so this state should be readily accessible. How¥aeret all’ found that the AlO

bond energy was onlyd> 84 kJ mal, which would make RDs) endothermic by 16 kJ
mol?. In contrast, the earlier study of Sghaier etdound that @ = 140 kJ mot, so that
R1(0s) would be ~33 kJ mdlexothermic if AIJ (&%) is the product, and thus able to occur
at MLT temperatures. Note that this AlBond energy is much too small for'Ab abstract

an O atom from @or CQ, which only occurs at energies > 4 &\

Reactions R1 R5 are the main focus of the present study. In addlitidile measuring the
kinetics of R10s) it became clear that the Al@roduct reacts further withz:O

AlO* + O3 — Al + 20 AHP = -226 kJ maot (R6a)
— OAIO* + O, AH° = -273 kJ mot (R6b)

where channel R6a recycles AlBack to Af. In order to prevent this occurring, we added
H-0 to remove AIC:

AlO* + H0 — AIOH* + OH (AH° = -65 kJ mot) (R7)

In this paper we first describe measurements of thecoa#icients for reactions R1R7.
Electronic structure calculations combined with Rice-Ranggpekassell-Markus theory
(where appropriate) are then used to extrapolate the reffiecmnts to temperatures and
pressures relevant to planetary ionospheres, before thiicsigce of these reactions in the
atmospheres of Earth and Mag®xplored.

2. Experimental

Figure 1 is a schematic diagram of ttaser Ablation - Fast flow tube - Mass Spectrometer
(LA-FT-MS) system used to study the reactions &f #hich is similar in design to the
system that we used previously to study the reactions*gfBa’ 1° and Mg ions2° The
length of the stainless steel flow tube from ablatioddtection is 972.5 mm. The tube
consists of cross-pieces and nipple sections, all ctethéy conflat flanges and sealed with
Viton or copper gaskets. The internal diameter of the ts1l85.0 mm. A roots blower (BOC
Edwards, Model EH500A) backed up by an 88 i rotary pump (BOC Edwards, Model
E2M80), produced the required high flow speeds in the tube.
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Figure 1. Schematic diagram of the fast flow tube with a lad®#ation ion source, coupled to
a differentially pumped quadrupole mass spectrometer.

Al" ions were produced via laser ablation of a solid Al rod usB@Ranm Nd:YAG laser
(repetition rate = 10 Hz, pulse energy ~ 25 mJ), looselysed onto the target using a quartz
lens (focal length = 150 mm). The ablation target was mduwntea rotary feedthrough
powered by a DC motor, and extended into the centre of threloghl axis of the tube

(Figure 1). The target was rotated at 2 Hz so that a fresh Al surface was presented to each
laser pulse in order to maintain a unifornt Algnal. The Al ion pulses were entrained in a
flow of He which entered upstream of the ablation targetovarall gas flow rate of

typically 4200 sccm was used at pressures of 1 - 4 Torr, dedthry a throttle valve situated
on the exhaust. The resulting flow velocities rangechf55 - 14 m$ and hence the

Reynolds number was always less than 80, ensuring lanmemamithin the tube.

The reactants were injected into the flow tube throughdangliglass injector positioned
along the floor of the tube (Figure 1). To generage@ was passed through a high voltage
corona in a commercial ozoniser (Fischer Technologyn®z%&enerator 500 Series)
producing a 5-8 % mixture of{dn O.. The Q concentration was monitored in a 30 cm
pathlength optical cell downstream of the ozonizer, bycaptibsorption of the 253.7 nm
emission line from a Hg lamp.

Al* and product molecular ions were detected using a differenpiathped 2-stage
guadrupole mass spectrometer run in positive ion mode (Hidalytical, HPR60). The
skimmer cone between the flow tube and the first statjeeahass spectrometer had a 0.4

mm orifice biased at-17 V, and the skimmer cone between the first and secagd sf the

massspectrometer had a 1.8 mm orifice biased- &6 V. Time-resolved ion pulses were
captured with a multichannel scaler synchronized to the Qtswitthe YAG laser using a
digital delay generator (Quantum model 9518). pulses from typically 500-1000 laser
shots were then signal-averaged.

Materials: Carrier gas He (99.995%, BOC gases) which was purifipddsmng through
molecular sieve (4 A, £ 2 mm, Alfa Aesar) held at 77.H2 (99.995%, BOC gases), GO
(99.995%, BOC gases), and (39.999%, BOC gases) were used without purificatio® H
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and CQ vapour were purified by three freeze-pump-thaw cyclesrbefaking up mixtures
in He on an all-glass vacuum line.

3. Experimental Results

Laser ablation/ionization of the Al rod most likely produsemeAl” ions in excited states.
If these were sufficiently long-lived metastable statiesy might affect the kinetic
measurements (and would be recorded as m/z = 27 by the meissrap&er). The
metastable state that would potentially be a proble*@3P), which is 4.64 eV above the
Al*(3'S) ground state. However, its radiative lifetime is 384* which is much shorter than
the flow time from the ablation source to the point whiesetants were injected (typically 5
- 40 ms depending on the reaction distance and flow rate)., Hssentially all of these
metastable ions would have radiated (or been quenchedj(i&)¥efore the introduction of
the reactants.

The kinetics measurements were generally made by adjalséngjector length in the tube,
so that reactants were injected from between and 11 and 4fstream of the skimmer cone
of the mass spectrometer. The loss ofl\ reactions (1) (5) can be described by a pseudo
first-order decay coefficienk, since the concentrations of the reactants, antdtiegas in
the case of reactions (Zp), were in large excess of the" Aloncentration. Diffusional loss

of Al* to the tube wallsk i o+, is also first-order. Thus, in the case of reactibrtife total
removal of Afl is given by:

torar = (Kaiar+ + k1[03] + k[0,]1[M]) (0
and for reactions (2) to (5):
totar = (kaiee.ar+ + kx[X]) (1)

where ki " is the first-order loss of the ion on the walls ardskhe pressure-dependent
rate coefficient for the recombination of'Alith X = Nz, O,, CO; or HO. Equation (1)
includes the recombination of Alvith O, since this species was always present in the O
flow, although in this case; ks extremely slow (see below) and so in practice cbeld
ignored. In the absence of reactants, tHecAhcentration at the skimmer cofal*];, is
given by:

In[AI*]5 = In[AI']=° — ¢ kgigr a1+ )

where[AI']*=° is theAl* concentration at the injection point of X, a flow titngpstream of
the skimmer cone. When reactant X is added, thel@hsity at the skimmer cone is given

by:
In[AI*]g = In[AI']=° — t(kgigear+ + kx[X]) (V)

Subtracting equationl() from (IV) produces mexpression for k' which describes reactive
loss of Al only:

[Alﬂﬁ)

, B ln<[A1+]
k' = ky[X] = (V)

t

(=1a)
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The advantage afsing equation (Yis that the wall loss rate of Als not required to obtain
K. Note that the flow times t referred to below are ected for the parabolic velocity profile
in the flow tube?? which arises under laminar flow conditions when a reagasmoved
rapidly at the walls. The velocity along the axis @& thbe, which is where the ions are
sampled, is 1.6 times the plug flow velocitgonfirmed in the present experiment by
measuring the arrival time of the pulse at the skimeoee. It should be noted that the
voltage on the first skimmer cone was set to maximizéothsignal, and at -17 V is high
enough to potentially cause significant dissociation of webklyrd cluster ions entering the
mass spectrometer. If that were the case, a residuialgial would be observed at long
[AI*1%
[AIT]§
the kinetic measurements discussed below shows that #&86.8% of clusters such as
Al*.CO; dissociated while passing through the skimmer cone.

reaction times, and a plot trf( ) versus t would not remain linear. However, modelling

3.1 Diffusion of Al*

Before making kinetic measurements of Adactions, diffusional loss of Ato the flow tube
walls was examined. Figure 2 shows a sequence‘gdldses arriving at the mass
spectrometer under conditions of constant pressure aiedl Viw times (note that the time
shown in Figure 2 is from the ablation source to thesler cone, which is longer than the
reaction times where reactants are injected downstré#im source). The flight time is
dependent on the flow velocity. At longer flight timése pulse widths increase as a result of
axial diffusion, and the pulse height and integrated deeeease due to radial diffusion and
loss on the walls. A log-plot of the integrated pulssaaagainst flight time yields a linear plot
(Figure 2) with a slope equal to the first-order loss omitals, k¢ o)+. This can then be
related to the diffusion coefficient of Aln He by the expression for diffusion out of a
cylinder?®

r2

5.81 (Vl)

Dyt _pge 2 kdiff,Al+ p

whereP is the flow tube pressure and r is the tube radius, anelneity would hold if the
ion was removed with 100% efficiency on collision with flesv tube wall. Equation (1)
yields D 4+ _p, > 146 Torr cAs. In comparison,D ,;+_, can be estimated to be 221 Torr
cn? stat 298 K from the expressiofi:

fpT | B (V1)

2.21nmu | ae?

Dyt _ge =

where n is the concentration of He,tke Boltzmann constant,the polarizability of He
(0.205 A), e the elemental charge and p is the reduced mass Aft-He collision. The
experimental lower limit is reasonably close to this esgmahich suggests efficient
removal on the electrically earthed tube walls. Theorerhprobability may be somewhat
reduced through the walls becoming coated over time watrtally insulating metal oxide
layer.
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Figure 2. Al* ion pulses (left-hand ordinate) recorded for five flow eitles (shown as
numbers in m'$ above each peak) at 3 Torr pressurel@fThe points (with & error bars
determined from 3 repeated measurements) are the fa&@xlo pulse area to that of the pulse
at 26 m g (right-hand ordinate, log scale). The line is a limegrression through the points.

3.2AI"+ 03

The data-points in Figure 3 depicted with solid circlesaar initial measurement of k
yielding (1.6 + 0.9% 10%° cn?® molecule! s*. Note, however, that the linear regression line
through these points does not pass through the origin astekiy equation (V). This is
indicative of a reaction between Al@nd @ which recycles AlOto Al" (reaction R6a), and

retards the overall removal of A&t higher [Q]. This phenomenon has been reported
recently for the analogous reactiBea” + O;.2°>We therefore added 9 along with the ®to

remove AlO via reaction R7, and hence inhibit recycling of A Al* via R6a. Figure 4
shows the effect oki of increasing [HO] at three different fixed [€). K initially increases,
but essentially reaches a plateau when more thanl€2 molecule cr# of H20 is added.
The measurement of ks a function of [€) was now repeated at fixed {8] = 3.5x 102
cnt®, and the resulting' values (open triangles) are shown in Figure 3. A regnesbiough
these points now passes through the origin, yieldirrg(k.4 + 0.1) x 18 cm® molecule s?,
where the uncertainty is thes standard error of the regression slope combined with the
uncertainty in the @concentration.
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Figure 3. Plot ofk' versus [@] for the study of reaction RDz). Data-points shown with open

triangles are measured with a fixed = 3.5x 10" molecule crif; data-points depicted with solid
circles are measured in the absence6i.H
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Figure4. Kk versus [HO] at three fixed [G] (see figure legeryd The vertical line indicates
the point at which reaction R7 dominates R6a sokhaiaches a plateau and no longer
increases with [ED].

33AI"+ COy, Ny, Os and H-O

[AY]§
A1
R4(COy). These plots are linear and pass through the origexpescted from equation (V).
The slope of each plot yields the second-order reconitmeate coefficient, k, which is
clearly increasing with pressure. Figure 6 shows plotse¥édrsus [He] folR4(CO,) at two
different temperatures. The slopes of these plotd:y#&206 K) = (1.5 + 0.2x 10%°cnf

molecule? st and k(293 K) =(5.0+ 0.6)x 103° cn® moleculé? st.

Figure 5 shows plots dﬁ( ) versus t at three different He pressures for reaction
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Figure5. First-order decays dfl* in the presence @O; ([CO;] = 6.0 x 10" molecule
cm®) at 293 K, at three different pressures of He.

The reaction Al + H,O was only measured at room temperature because of theagutnst
H2>0O condensing on the flow tube walls at Entemperatures. As shown in Figure 6,
R5(H20) has the largest rate coefficient of the four recontlmnaeactions, with £293 K) =
(2.4+ 0.3)x 102° crf moleculée? st. For Al + Ny, the reaction is very slow and could only
be observed at 200 K (note that the right-hand ordingfgure 6 corresponds to RE)),
giving k(200 K) = (8.4 = 0.9x 10°2 cnf moleculé€? st. The uncertainties in these rate
coefficients are thed.standard errors of the regression slopes combined witmtestainty
in the reactant concentratiorithe reaction of Al+ O, was too slow to measure even at low
temperatures, so an upper limit @f205 K) < 2.8x 10°2 cnf molecule? s* was obtained.

30 1.0

25 1 Al* + H,0, 293 K L o8

20 A
Al'+C0, 206K | 06

10 Al + CO,, 203 K

r0.2

A"+ Ny, 200 K——>
T 0.0

0 5 10 15 20
[He]/ 10" em™®

Figure 6. Second-order rate coefficientsckersus [He] for the recombination AF" with
H.O, CQ and N (note the right-hand ordinate for the fé¢action).

3.4 AlO" + Oz and H20



272  The removal of Al in the presence of{ivas studied as a function of t at 293 K. Four data-
+qt

]+]]°t3> versus t were obtained, as shown in Figure 7. A
0

274  model of the flow tube kinetics, which includeqd the wall loss of Al, and the two

275 unknowns kand the branching ratieaf(where §a= ksdks i.€. the fraction of the total removal
276 rate that is due to recycling to"A\l was then used to fit each data set by minimizing:he
277 residual between the modelled and experimental pdihis yielded weighted means of

278 k(293 K) = (1.3+ 0.6)x 10° cn?® molecule! st and .= (63 + 9)%(1c uncertainty) The

279 fitting procedure is much more sensitive dgtian k, because it is the branching ratio that
280 dictates the amount of Apresent rather than the absolute rate of reactiéd@f with Os.

281 Thisis indicated by the relative uncertainties of the two patarse

Al
273  sets (with 6 to 10 points in each) [A

-
T
ft‘—_‘ 0.1 1
— Om
£
<
Model best fit -
77777 Model upper limit Eto
——— Model lower limit o~
0.01 -
0 1 2 3 4
282 t/ms

[AI*15,

283 Figure?. Log plot of ( AT ) as a function of t, with [ = 1.2x 10'2cm® at 10 Torr and
0

284 293 K. The model fit is the solid black line, with upper anadr limits indicated by the
285 dashed linesFour experimental data sets are shown as discrete &/mbo

286

287  The reaction between AfGand HO was studied by monitoring the Al@n with the mass
[A10*],0
[Al0*]5
289 fitted with the kinetic model using the measuredkk and k. Fitting four data sets with 5 to

290 10 data-points each resulted in a value#%3 K) = (9 + 4) x 18° cm® molecule' s*. Note
291 that we assume here that if reaction does indeed progoibeceAlO"(*I1), because this state
292 s only a few kJ mo! above AIG(X'X) (see Section 1) it will be efficiently quenched at the
293 pressures of He in the flow tube, before going on to reabt@gibr HO.

294

288 spectrometer, as a function ofjfBl at fixed [Q]. Plots of( ) versus t were then

295 4. Discussion

296 A series of electronic structure calculations were fissformed in order to interpret the
297 experimental results. The geometries of Aldd the Al cluster ions were first optimized at
298 the B3LYP/6-311+g(2d,p) level of theory within the Gaussian 16 stfipeograms® The
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geometries are illustrated in FigBeand the Cartesian coordinates, rotational constants and
vibrational frequencies are listed in Table 1. The bond @saoj the molecules (i.e.°(Al" -

X)) were then calculated using the more accurate CBS-QBi3oaht® Note that the cluster
bond energies decrease in the ordgd Bt CQ > N2 > O, and inspection of Figure 8 shows
that the Af-ligand bond length varies inversely with the bond eneaggxpected.

There is very good agreement for the bond lengths andiviahfrequencies of AIQX'Y)
and AIO"(a%T) with two recent multireference configuration intei@cttheory studie$® *”.
The difference in energy between these AdBates is 10.1 kJ mbht the CBS-QB3 level,
compared with 3.5 8.0 kJ mol in these earlier studies i.e. well within the expected
uncertaintyThe AlIO*( X!2) bond dissociation energy of 125 kJ rhak the CBS-QB3 level
lies between the previous theoretical estimates of 8ddkd 1’ and 140 kJ mdi® and is
somewhat lower than the experimental values of 132 and 1#6IkJobtained from beam
studies of Al + NO; and Q, respectively®

Table 1. Molecular properties of the AIQAI".CO;, Al*.H20, AlI*.N2 and Al.O; ions
(illustrated in Figure 8), and Aligand bond energies.

Molecule Geometry Rotational | Vibrational D°(0 K)
(Cartesian co-ordinates in A) | constants | frequencies (kJ moth)
(GHz)? (cm?t) @

AlO* (X!x) | Al, 0.0, 0.0, 0.0 19.5551 | 1001 326.9°
O, 0.0, 0.01.604

AlO* (&%1) | Al, 0.0, 0.0, 0.0 16.4096 | 726 115.4¢
O, 0.0, 0.01.751

Al*.CO, Al, 0.0, 0.0,-0.175 2.0074 41 (x2), 136, |44.6
O, 0.0, 0.0, 2.191 648 (x2),
C, 0.0,0.0,3.371 1353, 2415

0, 0.0, 0.0, 4.513
Al".H0 Al, -0.005, -0.028, -0.219 408.4034 | 292, 342, 496, | 111.4

O, 0.014, 0.077, 1.886 9.8024 1647, 3688,
H, 0.790, -0.030, 2.462 9.5726 3775
H, -0.753, 0.242, 2.462
Al".N2 Al, 0.0, 0.0, 1.783 2.9858 105 x2), 108, | 18.9
N, 0.0, 0.0-1.093 2439
N, 0.0, 0.0-2.184
Al*.O; Al, -0.295, 0.0-0.441 140.46524| 72, 122, 1618 | 12.1
O, 0.258, 0.0, 2.256 3.14751
0, 1.229, 0.0, 2.974 3.07853

2 Calculated at the B3LYP/6-311+g(2d,p) level of theBry
b Calculated at the CBS-QB3 level of thedty

¢ Dissociation to Al + O(D)

d Dissociation to Al + OCP)
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320 '
321 Figure8. Geometries of AlQ AlI*.CO,, Al".H20O, AlI".N2 and Al.O; ions (all singlet spin
322  multiplicity) calculated at the B3LYP/6-311+g(2d,p) level aahy?®

323
324 4.1 Al"+ 03, AlIO" + Oz and H.O

325 Reaction R{0s) is around 40% faster than the Langevin capture rate of 105 cn?

326 moleculet st, which indicates that the modest dipole moment 0033 D') enhances its
327 capture by Al. Using the statistical adiabatic channel model of Ffagth arotational

328 constant for @of 0.428 cit, estimated as the geometric mean of the rotation aatsstor
329 rotation orthogonal to thexCaxis of the molecule along which the dipole lies,dget(293
330 K)=1.39x 10° cn® molecule! s?, in excellent agreement with the measured value. The
331 temperature dependence of the reaction is then predichedk(100— 300 K) = 1.48x 10°
332 (T/200)°%4cm? molecule! st. Note that the large value of &onfirms that the AlObond

333 energy must be greater thaf(0-0O,) (= 100 kJ mot %), which is consistent with Sghaier et
334 al.'%and the present study, and not with the calculation of Yah¥

335 For the reaction of AlOwith Os, both channels are substantially exothermic (Sectiosoli,
336 is perhaps not surprising that the branching toahld OAICO is evenly split, withd, = 58%.
337 Application of the SACM estimateg(#00 - 300 K) = 1.2& 10° (T/293)%1">cm?® molecule!
338 s, which agrees well the measured value within the experiiemtartainty. For R7, the
339 larger dipole moment of ¥D increases the SACM estimate #1K0 - 300 K) = 2.3& 10°
340 (T/293)°3%cm? molecule! s, which is about double the measured value.

341 4.2 Al" + N2, Oz, CO2 and H20

342 In order to extrapolate the rate coefficients forstheluster reactions to temperatures and
343 pressures which were not accessible experimentally, wéogetpRice-Ramsperger-Kassel-
344 Markus (RRKM) theory using a solution of the Master Equa{ME) based on the inverse
345 Laplace transform methcd.We have applied this formalism previously to recombination
346 reactions of metallic specis®® 2°so only a brief description is given here. Thesetieas
347 proceed via the formation of an excited adduct, which gheradissociate or be stabilized by
348 collision with the third body. The internal energytlois adduct was divided into a contiguous
349 set of grains (width 5 - 30 clndepending on the well depth of the adduct), each containing a
350 bundle of rovibrational states. Each grain was thergasdi a set of microcanonical rate
351 coefficients for dissociation, which were determined ugmgrse Laplace transformation to
352 link them directly to kc., the high pressure limiting recombination coefficient whicds
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estimated here usirigangevin capture theory (including a correction for theraeent dipole

of H20 in the case of R5@@®)). Using the vibrational frequencies and rotational constants
listed in Table 1, the density of states of each adductalaslated with the Beyer-Swinehart
algorithm for the vibrational modes (without making a coios for anharmonicity), and a
classical densities of states treatment for theiootalt modes?®

The probability of collisional transfer between grains watimated using the exponential
down model, where the average energy for downward trarsitaesignatedAE >gown>° The
probabilities for upward transitions were calculated by dtdklance. The ME describes the
evolution with time of the adduct grain populations. The WHs expressed in matrix form and
then solved to yield the recombination rate constantspeaified pressure and temperature.
When fitting to the experimental data, three adjustablarpaters were allowed: the average
energy for downward transitionsAE>gown, @, Which defines th@ “ dependence ofAE>gown,;
and a barrier of heightoMor cases where vibrational modes with low frequeneiese more
correctly treated as hindered rotétslable 2 summarises the results. The fitted values of
<AE>gown lie between 100 and 160 dgwhich is the expected range for BeFor R4(CQ),

the two low-frequency degenerate vibrational modes 63, (41 cm') were treated as a 2-
dimensional rotor with &= 3 kJ mot. The fitted value ofx is -0.2, which is close to 0 as
expected® For RFH-0), the outef-plane and in-plane rocking modes of thé-BbO cluster
(342 and 496 cm) were treated as a 2-dimensional rotor wigh=\2 kJ mot..

The resulting fits of the low pressure limiting rate cméht, keco through the experimental
data points and then extrapolated between 100 and 600 KHusimated in Figure 9
Reaction REH20) is almost 1000 times faster than(R2) (at the same temperature). This
reflects the much deeper well and the increased numbé&srogan Af-H>O compared with
the AI'-N2 cluster: both factors increase the density of ro-titmal states of the adduct.
Note that for all three reactiongdo does not follow a simple"Tdependence, and so a
second-order dependence onidgwas fitted in each case. The resulting expressions are
listed in the final column of Table 2 (the large numbesighificant figures in the fitted
polynomial parameters are provided for numerical accur&oy)R4(CQ), the fitted value of
a lies between -0.3 and +0.1. Since(R2 and R§H20) were only measured at a single
temperaturea was set to 0.0; this parameter is expected to lie betweean0.50.5° The
faint lines in Figure 9 show the sensitivity of the RRKMfdir each reaction whemis varied
between these respective limits. At a temperature of 1@Qpkcal of the terrestrial
mesosphery, the overall uncertainties in the rate coeffiteecombining the experimental
error and RRKM extrapolation is then 12% for R2(NL3% for R4(CQ), and 27% for
R5(H0). Note that these low-pressure limiting rate coefficianésappropriate for the
meteoric ablation region in a planetary atmosphergewie pressure is less than®liar.

Table 2. Fitted RRKM parameters and low-pressure limiting raeffcients for the
addition of a single ligand to an"Abn

Reaction <AE>gown a logio(Krec,d P moleculé? s?)

cnt T =100- 600 K
Al*+ N, |112 0.02 | -27.9739 + 0.05036lag(T) - 0.60987(Iogo(T))?
Al* + CO | 125 0.2 |-33.6387 + 7.0522lag(T) - 2.1467(logo(T))?
Al* + H0 | 155 0.0 | -24.7835 +0.018833lag(T) - 0.6436(logo(T))

2 Assumed T dependence.
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We now consider RRl,) in more detail. Since d0AI*-Ny) is only 19 kJ mot (Table 1), the
RRKM calculations indicate that this cluster ion disates with an e-folding lifetime of 82s
at 200 K and 4 Torr i.e. the reaction would not have beeerads in the flow tube, unless
ligand such as C£or HO switctedwith the N in order to stabilize the AlX cluster ion. We
investigated this using the Master Equation Solver for Muigs§y well Reactions
(MESMER) prograni! *2which has the facility to include bimolecular removaltaf Al-N>
adduct to a stable sink. The switching rate coefficients foreetions

Al*N + CO, —» AI*.CO+ N,  AH°=-25 kJ mof (8)
Al*Na + H:0 — AI*H:0 +No AH®=-92 kJ mot (9)

were set to their respective Langevin capture rag20@ K) = 8.1x 10%° cn® molecule* s?,

and k(200 K) = 2.9x 10° cn?® molecule' s, and the other parameters as above. This exercise
reveals that Al ions would be removed at the observed rate if recombinatitnN> was
followed by switching, so long as the® mixing ratio in the N was above 2 ppm, or GO
above 7 ppm (likely in 99.995% pure)NIn terms of atmospheric chemistry, in the terrestrial
upper mesosphere the mixing ratioG®; is 390 ppnt: so that REN,) needs to be taken into
account as a potential route for neutralizing. Al

Lastly, we note that for Al+ O, Leuchtner et af* found an upper limit of%300 K)< 1.3x
1032 ¢cnf moleculé? st in a selected ion flow tutst a pressure of 0.25 Torr, which is consistent
with the upper limit of 2.8 10°2 cnf molecule? st in the present studior Al" + CQ,,
Clemmer et all® reported K300 K) < 2.0x 10%’ cnP molecule? st in a guided ion beam
instrument with a maximum pressure of 0.3 mTorr. This is isterg with our actual
measurement o293 K) =(5.0 + 0.6)x 10%° cn moleculé? s

1027 4
] Al* + H,0 + He
1028 =
" e a ~—
o 10% " “ N
3 1 A'+CO,+He
@
o 10% 3 SQ\ E
IS E XX~
© T :::\\\ S
IS 31 TR L
2 10 Q/\%s"t\}
x ] A" + N, + He TSI
10-32 3 \.\.:.\.\\\ ~—F
10% | . , , =
100 200 300 400 500 600

Temperature / K

Figure 9. RRKM fits (thick lines) through the experimental daténgs (solid circles) for the
recombination reactions of Alith N2, CO, and HO. The faint lines indicate the sensitivity
of each fit to the likely range @f the temperature-dependence aE=qdown.
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4.3 Atmospheric Implications

In order to use the cluster reaction rate coefficiétsnodelling in a planetary atmosphere,
they need to be adjusted to account for the relativeiezities of the major atmospheric
species compared with the He used in the kinetic measnoteni®r N and Q acting as a
third body in an ion-molecule recombination reactitwe, tate coefficientskks ard ks

should typically be increased by a factor ¢fahd for CQ by a factor of 82 Figure 10
illustrates vertical profiles for the removal of'Abns in the atmospheres of Earth and Mars.
For Earth, the vertical profiles of T, pressure and theng ratios of Q, N2, CO; and HO

are taken from the Whole Atmosphere Community Climatelél (WACCM4)3> 3¢ They

are monthly zonal averages aM0n April, at local midnight. Figure 5 (top panel) shows
that reaction R{0Os) dominates between 80 and 140. lieaction REN>) is actually more
important than R4(C¢), because of the ability for the AN, ion to ligand-switch with C®

(or H20) before dissociating, though of course this is jushdinect route to forming

Al*.CO,. It should be noted that similar ligand-switching reactiocsuo with the N clusters
of NO* and Q" which are the major ions in the upper D region of thestrial ionospher#,
as well aFe".N2 8 and Md.N..2° During daytime the ©concentration decreases by around
1 order of magnitude due to photoly$isut R¥Os) will still dominate.R5(H20) is least
important because of the low mixing ratio of® below a few ppm above 80 Km.

140
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Figure 10. Removal rates of Alions in planetary atmospheres: EartifNiGocal midnight,
April (top panel); Mars, local noon, latitude & 6olar longitude L= 85 (bottom panel).
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For Mars, the vertical profiles of the relevant speaies T are taken from the Mars Climate
Database v.5.2 (http://www-mars.Imd.jussieu.fr/mcd_pyth&rifr the conditions of latitude
= (®, local noon and solar longitude £ 85 (northern hemisphere summer). Because the
Martian atmosphere is ~9%CO;, and the @concentration is much lower than in the
terrestrial atmosphere (e.g. by a factor of 0.002 at 80 RAfiO.) dominates by about 3
orders of magnitude.

On Earth, the metallic ion layers such a$ ¥eand Mg “° peak around 95 km, where Figure
10 (top panel) shows that the e-folding lifetime ofi&lonly ~10 s. On Mars, recent
measurements by the MAVEN spacecraft show that theldgr peaks around 90 kih,
where the e-folding lifetime of Alions will be around 1 minutél* would thus rapidly
disappear on either planet. However, the reaction Al® — Al™ + O is likely to be fast

(cf. the analogous reactions of Mg& CaO ° and Fe®*?), and so AIO is much more
likely to recycle to Al than to undergo dissociative recombination with an ele¢fr@®

may also play an analogous role to O in reducing*Al@ck to Af.*2On Mars, AlJ would
likely be produced from the GCQluster ion by the reaction

Al*.CO; + O — AIO* + CO, AH° = -81 kJ mot (10)

5. Conclusions

The kinetics of the reactions of Alith Oz, N2, CO; and HO have been measured for the
first time, and an upper limit obtained to recombinatiom\@. The Al ion is a closed-shell
species and so relatively unreactive, forming compaaigtiveak bonds with C& N> and
particularly Q. Thus, while the recombination reaction with £3an be observed at room
temperature, the Nreaction can only be observed at lower temperaturesahd presence
of a switching ligand like C&or H.O. In contrast, the spin-conserving reaction wight@®
form AIO* in the low-lying &I triplet state is exothermic and fast, proceeding atdipthe
ion-molecule capture rate which is enhanced by the snpalledmoment of @ This reaction
dominates removal of Alin the terrestrial atmosphere because of the relgthigh
concentration of ®in the MLT, whereas on Mars recombination with.G€about 18 times
faster.
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